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ABSTRACT: No anti-cocaine addiction drugs have been approved by
the Food and Drug Administration despite decades of e ort. The main
challenge is the intricate molecular mechanisms of cocaine addiction,
involving synergistic interactions among proteins upstream and
downstream of the dopamine transporter. However, it is di cult to
study so many proteins with traditional experiments, highlighting the
need for innovative strategies in the eld. We propose a proteome-
informed machine learning (ML) platform for discovering nearly
optimal anti-cocaine addiction lead compounds. We analyze proteomic
protein protein interaction networks for cocaine dependence to
identify 141 involved drug targets and build 32 ML models for cross-
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drugs for side e ects and repurposing potentials. We further predict their ADMET (absorption, distribution, metabolism, excretion,
and toxicity) properties. Our platform reveals that essentially all of the existing drug candidates fail in our cross-target and ADMET
screenings but identi es several nearly optimal leads for further optimization.

S ubstance use disorders (SUD) involving alcohol, opioids,
cocaine, etc., adversely a ect a growing population of
individuals and families worldwide, constituting a signi cant
socioeconomic burden with increasing medical expenses and
crime. Psychostimulants, especially cocaine, account for a large
portion of SUD and impact millions of lives. In the United
States alone, among the 70,630 SUD-related deaths in 2019,
15,883 were due to cocaine addiction. The hazard from
cocaine addiction and subsequent mortality calls for e ective
medications. However, currently no cocaine addiction
medications have been approved by the U.S. Food and Drug
Administration (FDA).!

The psychotropic properties of cocaine primarily derive
from blocking the dopamine transporter (DAT). Speci cally,
cocaine blocks DAT and prevents dopamine reuptake from the
synaptic cleft into the presynaptic axon terminal. As a result, a
higher dopamine level in the synaptic cleft promotes the
activation of dopamine receptors in the postsynaptic neuron,
which generates euphoria and arousal.’ Among these
dopamine receptors, the D5 dopamine receptor (DsR) plays
a critical role in the reward and addiction of cocaine because
the population of D3R in the mesolimbic reward system is
large.® Therefore, D;R may be an important target for treating
cocaine addiction. Among other dopamine receptors, D4R and
D,R are the most abundant in the brain. D;R along with other
D;-like receptors stimulates intracellular cyclic adenosine
monophosphate (CAMP) levels. The functions of D;-like
receptors are to regulate the growth of neurons, some D,R-
mediated events, and other behaviors.” D,R, DR, and D,R
belong to the group of D,-like receptors and inhibit

© 2021 American Chemical Society

7 ACS Publications

intracellular cAMP levels. D,R intimately joins in the circuitry
of motor control, and it is the main target of most
antipsychotic drugs.® D,R relates to many neurological and
psychiatric conditions,” including schizophrenia and bipolar
disorder, attention de cit hyperactivity disorder (ADHD),
addictive behaviors, Parkinson’s disease, and eating disorders
such as anorexia nervosa. Some studies also suggest that DR,
D,R, and D4R are involved in the changes of locomotor
activity induced by cocaine and other psychostimulants.®
Cocaine also blocks the serotonin transporter and
norepinephrine transporter, inhibiting the reuptake of
serotonin and norepinephrine and thus increasing the level
of the activation of serotonin and norepinephrine receptors.
Additionally, cocaine exposure could regulate opioid receptors
and endogenous opioid peptides’ and may also a ect the
selection of G-protein versus -arrestin pathways.'**
Repeated use of psychostimulants alters gene expression
throughout the brain, including in the nucleus accumbens, a
critical center for reward processing. Frequent cocaine
exposure increases the level of expression of the transcription
factor FosB and brain-derived neurotrophic factor (BDNF),
which in turn regulate gene expression to alter both dendritic
and synaptic morphology and function in the nucleus
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Figure 1. DAT-centered global and core PPI networks and proteome-informed ML work ow for anti-cocaine addiction drug discovery. (a) DAT-
centered global and core PPI networks. (b) Our proteome-informed ML work ow for anti-cocaine addiction drug discovery. First, the data sets
inferred by the PPI networks are collected, represented by a latent-vector ngerprint via an autoencoder, and used to construct binding a nity
predictors. Second, the hits obtained from potency predictors, including those repurposing hits, are screened for potential side e ects. Finally, the
resulting promising candidates are further evaluated for ADMET properties to discover nearly optimal anti-cocaine addiction leads. Abbreviations:
DAT, dopamine transporter; D;R, dopamine receptor D1; D,R, dopamine receptor D2; D4R, dopamine receptor D3; D,R, dopamine receptor D4;
STX1A, syntaxin-1A; TH, tyrosine hydroxylase; VMAT2, vesicular monoamine transporter 2.

accumbens and prefrontal cortex,™ likely driving the long-term
compulsion for drug seeking and taking that underlies
addiction.*®

Currently, experimental medications against cocaine addic-
tion mainly target DAT and D4R." (1) Atypical DAT inhibitors
are studied widely. While cocaine and its analogues (typical
DAT inhibitors) bind and stabilize outward-facing conforma-
tions of DAT,** atypical DAT inhibitors stabilize inward-facing
conformations of DAT upon their binding. DAT with an
inward-facing conformation is much harder for cocaine to bind
(an approximate 100-fold loss of the potency of cocaine for the
inward-facing conformation compared with that of the
outward-facing conformation).***> In other words, even
binding a nities (BAs) for DAT are weaker than that of
cocaine, and the pretreatment by atypical inhibitors can still
prevent DAT from being blocked by cocaine. More
importantly, atypical DAT inhibitors do not induce cocaine-
like behaviors or addiction.” (2) Another promising approach
against cocaine addiction involves D3R antagonists and/or
partial agonists. D3R antagonists could e ectively attenuate the
motivation to earn psychostimulants and reduce relapse-related
behaviors. D3R partial agonists not only can functionally block
the e ect of cocaine addiction but also can elicit the partial
activation of their receptor targets under abstinence conditions
and thus potentially mitigate withdrawal e ects.'®

In addition to potency, the safety of cocaine addiction
treatments must be carefully evaluated. One dangerous side-
e ect target for drug addiction treatments is the human ether-a-
go-go (hERG) potassium channel, which could incur adverse
side e ects and even death. hERG generates the delayed
rectifying potassium current. When a compound inhibits the
hERG channel, it interferes with potassium current, prolongs
the QT interval, and results in torsades de pointes (TdP), a
potentially lethal ventricular tachycardia.'” Thus, hERG poses

a serious challenge to drug development because it can easily
attract small compounds, especially those with protonatable
amines and aromatic groups, a hallmark of many neuro-
transmitter transport inhibitors and GPCR ligands.*® The
hERG blockade was a popular reason for drug withdrawals in
the 1990s and early 2000s. Therefore, in early 2000, the FDA
included the hERG side e ect in their updated regulations: the
TdP liability of drug candidates must be evaluated in vivo or in
vitro in phase 1 clinical trials.*®

The mechanism of cocaine addiction is very complicated,
involving far more targets than DAT, D3R, and hERG. All of
the proteins upstream and downstream of DAT functions
could be impacted by cocaine, which covers a large number of
proteins and interactions as shown in Figure 1a. On one hand,
these proteins can become potential treatment targets for
cocaine addiction. On the other hand, blocking these proteins
also probably brings cocaine-like symptoms or other severe 0 -
target e ects. Therefore, these proteins could be critical
sources of side e ects. Thus, we need to systematically
investigate potential compounds that inhibit di erent cocaine
addiction targets, as well as the putative side e ects from
agents blocking these targets.

One method for systematically unveiling potential treatment
and critical side-e ect targets is to examine sizable protein
protein interaction (PPI) networks on the proteome scale. A
PPI network accounts for not only direct (physical and
chemical) interactions but also indirect (functional) associa-
tion,” in which a connection represents two proteins jointly
contributing to a speci ¢ biological function even without
direct physical or chemical interaction. As a result, a proteomic
PPI network is a suitable tool for systematically searching a
large number of proteins relating to a speci ¢ disease,
providing a “pool” of potential treatments and critical side-
e ect targets, such as cocaine addiction in this work. The
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